Objective: There is strong evidence for a genetic contribution to schizophrenia, but efforts to identify susceptibility genes have been largely unsuccessful because of the low power of individual studies. The authors' goal was to evaluate the collective evidence for an association between the Val158/108Met polymorphism of the catechol O-methyltransferase (COMT) gene and schizophrenia.
The evidence for a genetic contribution to schizophrenia is strong. Family studies show that relatives of individuals with schizophrenia develop the disorder at a rate higher than the population incidence, and the degree of elevation in risk is correlated with the degree of biological relationship to the person with schizophrenia (1) . Twin studies (2) found approximately three times higher concordance for schizophrenia among monozygotic twins than among dizygotic twins. Furthermore, adoption studies (3) indicate that the transmission of schizophrenia is predominantly through biological rather than adoptive parents. It is estimated that as much as 60%-70% of the susceptibility to schizophrenia can be attributed to genes (4) .
Genes may not account for all of the susceptibility to schizophrenia, but they clearly play a considerable role in the etiology of the illness. Although the disorder is highly heritable, genetic linkage studies have failed to endorse schizophrenia linkage universally with any chromosomal region (5) . The difficulty finding genes for schizophrenia suggests that many genes combine to cause the disorder and that each confers only a small degree of risk (6) . Because evidence implicates dopamine system dysfunction in the pathogenesis of this disorder, the search for susceptibility genes has included those which code for all five known dopamine receptor subtypes (7) (8) (9) (10) , the dopamine transporter (11) , and several enzymes involved in the synthesis and degradation of dopamine, such as tyrosine hydroxylase, aromatic L-amino acid decarboxylase, and monoamine oxidase (MAO) A and MAOB (12) (13) (14) . None of these genes has reliably emerged as a risk factor for schizophrenia.
Because it codes for one of the major enzymes catalyzing the metabolism of dopamine, the gene for catechol O-methyltransferase (COMT) (EC 2.1.1.6 according to the International Union of Biochemistry and Molecular Biology enzyme nomenclature) has been examined numerous times for an association with schizophrenia, but with equivocal findings. This ambiguity parallels that of genetic linkage analyses in the vicinity of the COMT gene on chromosome 22q11. 21 . Some, but not all, studies (15, 16) have found evidence of linkage with schizophrenia in this region. However, a meta-analysis of genome-wide linkage scans (17) identified chromosome 22q as one of three loci (along with chromosomes 8p and 13q) that had the highest likelihood of harboring schizophrenia-risk genes, which highlights the promise of COMT as a candidate gene for this disorder.
The most commonly examined locus within the COMT gene is a functional polymorphism at codon 158 of the membrane-bound form of the enzyme (codon 108 of the soluble form) in which the wild-type guanine nucleotide is substituted with adenine. This nucleotide transition results in the substitution of methionine (Met) for valine (Val) in the COMT protein, producing an enzyme with approximately four times less physiological activity and introducing an NlaIII restriction site (18) . This polymorphism also correlates with performance on the Wisconsin Card Sorting Test, which measures executive cognition and working memory (19, 20) , and with prefrontal cortical activity during performance of the 2-back working memory task (19) .
Because the conflicting results from association studies have obscured COMT's true role in schizophrenia, we performed the meta-analysis reported on here to determine if the failure to identify an association consistently is attributable to the low power of individual studies to detect a small effect, etiological heterogeneity, or random error in the absence of a true effect.
Method

Literature Search
To identify studies eligible for meta-analysis, we surveyed MEDLINE citations for January 1966 through August 2002 using the National Library of Medicine's PubMed online search engine with "schizophrenia" and "COMT" as keywords. The retrieved abstracts were read to identify studies examining the allelic association between a polymorphism within the COMT gene and schizophrenia. Studies of this type were then read in their entirety to assess their appropriateness for inclusion in the meta-analysis. All references cited in these studies were also reviewed to identify additional works not indexed by MEDLINE.
Inclusion Criteria
Only those studies examining the COMT Val158/108Met polymorphism were included in the meta-analysis. (One study [21] examined the Val158/108Met polymorphism but failed to provide the necessary data for each allele. Thus, the allele frequencies in the patient and control groups were extrapolated from data provided for the PmlI polymorphism, which, in this sample, was in total linkage disequilibrium with the NlaIII restriction site.) Furthermore, studies had to meet all of the following criteria: 1) be published in a peer-reviewed journal, 2) be written in English, 3) present original data, and 4) provide enough data to calculate an effect size.
The application of these criteria yielded 18 studies eligible for meta-analysis, of which 13 used case-control designs (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) and four used family-based strategies (33) (34) (35) (36) . The remaining study (19) employed both methods in a single sample; therefore, the groups of case-control and family-based studies are not entirely independent. The 14 case-control studies are described in Table  1 , and the five family-based studies are described in Table 2 .
Coding of Study Characteristics
To delineate potential moderating influences of different sample characteristics on the size of the effects obtained in the casecontrol studies under consideration, each study was coded on the following variables: 1) the ethnicity of the sample, 2) the mean age of the control group, and 3) a gender index (calculated as [male cases/female cases]/[male control subjects/female control sub- 
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Statistics
Data from each case-control study were used to construct a two-by-two table in which subjects were classified by diagnostic category (case or control) and allele (Met or Val). Data from each family-based study were used to construct a two-by-two haplotype-based relative risk table in which parental alleles were classified by type (Met or Val) and transmission status (transmitted or not transmitted from a heterozygous parent to the offspring with schizophrenia). The strength of association in these two-by-two tables was summarized by using the odds ratio, in which Val was randomly assigned as the risk allele and an odds ratio greater than 1.0 indicated a positive association between this allele and schizophrenia.
For case-control studies, the odds ratio estimated the relative risk, which represents the greater probability of observing the Val allele in cases than in control subjects. For family-based studies, the odds ratio estimated the haplotype relative risk, which represents the greater probability of the offspring with schizophrenia receiving the Val allele relative to the Met allele. Knapp et al. (38) showed that when no recombination occurs between the marker and the disease gene, haplotype relative risk=relative risk. Otherwise, when the marker and disease gene show a positive association, relative risk≥haplotype relative risk.
Case-control studies and family-based studies were analyzed separately by random effects meta-analyses. For each meta-analysis, odds ratios were pooled according to the methods of DerSimonian and Laird (39) , and 95% confidence intervals (CIs) were constructed by using Woolf's method (40) . The significance of the pooled odds ratio was determined by the z test, and the heterogeneity of the group of odds ratios was assessed by using a chisquare test of goodness of fit. The influence of individual studies on the pooled odds ratio was determined by sequentially removing each study and recalculating the pooled odds ratio and 95% CI.
Publication bias within groups of homogeneous odds ratios was assessed by the method of Egger et al. (41) , in which the standard normal deviate of the odds ratio (z) is regressed on the precision of the odds ratio (the inverse of the standard error of the odds ratio). Since the inverse of the standard error of the odds ratio increases with sample size, the regression of z on the precision of the odds ratio should run through the origin in the absence of bias (i.e., small samples with low precision have large standard errors and small standard normal deviates, whereas large samples with high precision have small standard errors and large standard normal deviates). The slope (b) of the regression line indicates the size and direction of association and, in the presence of bias, the intercept of the regression (a) will be significantly greater than 0, as determined by the t test.
The moderating influences of sample ethnicity, age of the control group, and gender index on the odds ratio derived from each study were assessed by multiple regression. The type I error rate was set at 0.05. All statistical analyses were conducted by using Stata 7.0 (Stata Corp., College Station, Tex.).
Results
Case-Control Studies
Of the 14 case-control association studies of the COMT Val158/108Met polymorphism and schizophrenia, only two found a statistically significant difference in allele frequencies between patients and control subjects. Both of these studies (29, 31) found an excess of the Met allele in schizophrenic patients. The odds ratio and 95% CI for each case-control study are shown in Table 3 . The pooled odds ratio derived from 2,205 cases and 2,236 control subjects was not significant (odds ratio=1.0, z=0.57, p=0.57). Sequential omission of individual case-control studies produced pooled odds ratios ranging from 0.9 to 1.0 with 95% CIs that always encompassed 1.0, indicating that the pooled odds ratio was not unduly influenced by any single study. However, significant heterogeneity was observed among this group of odds ratios (χ 2 =22.98, df=13, p=0.04), suggesting the presence of some moderating variable.
Neither the age of the control group (z=-0.07, p=0.94) nor the gender index of the sample (z=0.33, p=0.75) significantly influenced the obtained odds ratios, but these odds ratios were significantly related to the ethnicity of the sample (z=2.38, p=0.02). However, stratification of the group of odds ratios by sample ethnicity (Asian or European) yielded only slightly different estimates of the association of this COMT polymorphism with schizophrenia in the two ethnic groups. The pooled odds ratio derived from five Asian studies was 0.9 (95% CI=0.7-1.1), and the pooled odds ratio from eight European studies was 1.1, but the association was not significant in either the Asian (z=1.04, p= 0.30) or European (z=1.10, p=0.27) samples. There was no evidence of publication bias within either the Asian samples (a=-2.65, t=-0.88, df=4, p=0.45) or the European samples (a=-1.10, t=-0.80, df=7, p=0.45), as the 95% CIs of the regressions of z on the precision of the odds ratio encompassed the origin for each group of studies ( Figure 1) .
Two different genotype-wise analyses were also conducted, including a logistic regression predicting additive risk for schizophrenia with each additional Val allele (Met/ Met versus Met/Val versus Val/Val) and a comparison of risk between homozygotes (Met/Met versus Val/Val). The results of these analyses were nearly identical to those of the allele-wise analysis (data available on request).
Family-Based Studies
Of the five family-based association studies, two found significant evidence for differential transmission of parental COMT Val158/108Met alleles to affected offspring. However, in contrast to the two significant case-control studies, these two family-based studies (19, 34) supported Val as the risk allele for schizophrenia. The odds ratio and 95% CI for each of the family-based studies are shown in Table 4 . The pooled odds ratio derived from 584 parentoffspring trios was 1.5, which was not significant (z=1.51, p=0.13); however, as in the case-control studies, there was significant heterogeneity among this group of odds ratios (χ 2 =16.49, df=4, p=0.002). This heterogeneity may have been due to ethnic differences in association (z=1.20, p= 0.23), but the power to detect significant moderation of odds ratios by ethnicity (beta=0.03) was severely constrained by the low number of Asian (N=3) and European (N=2) samples.
Based on this trend and the significant ethnic heterogeneity observed in the case-control studies, this group of studies was also stratified by sample ethnicity, which did reveal a pattern of ethnic differences in association. The three family-based studies of Asian patients revealed little evidence for association with either allele (odds ratio=1.2, 95% CI=0.6-2.3, z=0.52, p=0.61). In contrast, the two samples of European patients produced strong evidence for association of schizophrenia with the Val allele (odds ratio=2.2, 95% CI=1.4-3.4, z=3.35, p=0.001).
There was no evidence of publication bias within the group of three Asian samples (a=-94.96, t=-1.25, df=2, p= 0.43) (Figure 2 ), although the power to detect potential bias in this data set (beta=0.23) was again limited by the low number of included studies. Similarly, the limited number of European samples precluded a statistical assessment of publication bias within this group of studies, but the plot of z on the precision of the odds ratio ( Figure  2 ) demonstrated the pattern expected for a group of studies that produced a significant association in the absence of bias (i.e., the study that was larger and thus had greater precision showed a larger standardized effect size).
Discussion
The pooled sample of 14 case-control studies had more than 90% power to detect a small but significant association (odds ratio=1.2) between COMT Val158/108Met alleles and schizophrenia but failed to identify such a relationship. However, rather than reflecting a lack of association, this may have been due to the statistically significant heterogeneity among studies. Overrepresentation of violent patients with schizophrenia in the sample did not appear to skew the results, as one such study (29) found an odds ratio of 0.7 while the other (30) found an odds ratio of 1.2.
The inclusion of schizophrenia spectrum conditions (e.g., schizoaffective disorder or schizotypal personality disorder) in a broader definition of the schizophrenia phenotype also failed to systematically affect the results, as one such study (19) yielded an odds ratio of 1.2 while the other (23) produced an odds ratio of 0.7. Other study characteristics, such as the gender composition of the sample or the age of the control group, did not account for this heterogeneity either. The only factor that reliably influenced the odds ratio obtained from each study was the ethnicity of the sample: the pooled odds ratio from Asian samples was 0.9, slightly lower than the pooled odds ratio of 1.1 from European samples.
In isolation from the findings of the five family-based association studies, several possible conclusions can be drawn from these observations. First, COMT may be a susceptibility gene for schizophrenia, but an overall association between the gene and the disorder may have been obscured by etiological heterogeneity whereby different COMT alleles confer risk to different ethnic groups. The present findings provide limited support for such an interpretation; however, it is important to note that neither allele was significantly associated with risk in either ethnic group. It is also possible that allelic variants of the COMT gene confer risk for schizophrenia to only a restricted segment of the population if at all, or that the COMT genotype is a universal risk factor of such small magnitude that its attributable fraction in the population is negligible. The five family-based studies help to clarify the nature of the relationship between the COMT Val158/108Met polymorphism and schizophrenia. Like the group of case-control studies, the family-based studies were not a homogeneous group, and this heterogeneity may have been attributable to a different pattern of genetic risk among Asian and European samples. The only two family-based studies of European samples provided nearly identical odds ratios that strongly implicated the Val allele in schizophrenia. This finding, in combination with the trend observed in the case-control studies, suggests that the Val allele may be a small but reliable risk factor for schizophrenia among those of European descent. In contrast, the findings from family-based studies of Asian samples were more variable as a whole and did not detect a significant association of schizophrenia with the Val allele. Thus, the familybased studies reinforced the possibility that the Val allele of this COMT polymorphism confers a different degree of risk to these two ethnic groups.
The variability of the evidence from Asian samples prevents firm conclusions about the role of this polymorphism in schizophrenia susceptibility in this population, and even though the Val allele was implicated more strongly in schizophrenia risk among European samples, this association seems tenuous at best. This relationship is further complicated by the possibility that the causative risk gene that produced this evidence for association is not COMT itself but a nearby gene that is in linkage disequilibrium with it. Clearly, more family-based studies of this putative association are sorely needed and will prove extremely informative. Determining the true nature of the relationship between this polymorphism of COMT and schizophrenia also may be facilitated by the application of emerging genomic-control association methods. The use of genotypes at randomly selected markers throughout the genome to control for population substructure in a casecontrol design provides a more powerful alternative to family-based association testing that nonetheless remains robust to false positive or false negative associations (42) .
There is some division in the conclusions to be drawn from case-control and family-based studies of the association between the COMT Val158/108Met polymorphism and schizophrenia. The former set of studies implicated the Val allele as a very weak risk factor in European samples (odds ratio=1.1), while the family-based studies place the effect of Val in European samples much higher (odds ratio=2.2). There is no simple resolution to this discrepancy, but the most conservative conclusion would be that, without additional evidence, we simply cannot determine if the COMT gene is implicated in schizophrenia. As new studies emerge, the present findings can be updated, and, eventually, more reliable estimates of this association in both ethnic groups may be obtained.
If, however, the present findings are already accurate estimates of the true effects to be obtained from each type of study and if the results from case-control and familybased studies do not converge upon the addition of more samples, then other possibilities must be considered. One alternative interpretation might be that case-control and family-based studies ascertain different populations of schizophrenic patients, and that this COMT polymorphism has a stronger contribution to risk in patients who become involved in family-based studies. The most obvious difference between the two groups of sampled patients is that those eligible for a family-based study must have two parents who are both willing and able to partici- pate in the research. The availability of both parents could reflect a number of differences between patients enrolled in the two types of studies, such as a higher level of familial involvement with the patient and a better social support system or less severe pathology. In the light of these discrepancies, there is reason to believe that the findings from the group of family-based studies (i.e., European samples, Val odds ratio=2.2) may be more accurate than the findings from the group of casecontrol studies (i.e., European samples, Val odds ratio= 1.1). For example, the family-based study design is less susceptible than the case-control design to inferential errors based on artifacts like population stratification. As can be seen from Table 1 , the frequency of the Val allele varies widely across studies, and especially across studies of different ethnic groups. In fact, allele frequency in control groups was highly correlated with ethnicity in this group of studies (r=0.93, p=0.000005), and a significantly higher Val frequency was observed in Asian control samples (0.73) than in European control samples (0.49). These estimates are quite similar to allele frequencies previously reported for each of these populations (43) . Thus, despite the efforts to match cases and control subjects in population-based studies, even slight differences in ethnicity (and, consequently, allele frequency) between cases and control subjects can mask the contribution of a gene to the risk for a complex disease and invalidate estimates of association (44) .
In addition, the odds ratios derived from the two familybased studies of European samples were strikingly similar in their direction and magnitude, which further suggests they are detecting a significant, albeit small, association. Since a formal analysis of publication bias was not possible in the small group of family-based studies of European samples, it remains possible that evidence against the family-based association of Val with schizophrenia exists but is unpublished. Thus, it may be that a positively biased sample of the family-based studies was obtained and that the inclusion of only a few more negative studies would close the gap between the pooled outcome of case-control studies and the family-based studies of European samples. This possibility is reasonable given the well-known bias against the publication of negative findings in scientific journals (45) and the reluctance of investigators to publish such findings.
The Val allele of this COMT polymorphism may increase susceptibility to schizophrenia, but it is important to recognize that this gene variant may also influence susceptibility to other psychiatric conditions. For example, this polymorphism is also associated with the rate of cycling in bipolar disorder (46, 47) . The Val allele may give rise to multiple physiological abnormalities that separately contribute to both of these illnesses, or it may produce a single deficit that is common to both disorders. It is not yet clear if the observed effects of the Val158/108Met genotype on executive cognitive functioning and prefrontal cortical activation during the performance of a working memory task (19, 20) support the former or latter conclusion, since the specificity of these deficits for schizophrenia is unresolved (48) . However, COMT resides on chromosome 22q, which is one of only two regions (along with chromosome 13q) that showed significant genome-wide linkage for both schizophrenia and bipolar disorder in a recent metaanalysis (17) , further supporting a common effect of this polymorphism in both disorders. Although firm conclusions must await a large, definitive study, the present findings, along with the biological relevance of the Val allele, suggest that it may be considered a risk factor for schizophrenia, especially in those of European descent. 
